Objectives: To characterize a novel virulence-resistance plasmid pSE380T carried by a Salmonella enterica serotype Enteritidis clinical strain SE380.
Introduction
Foodborne salmonellosis has become a serious public health issue worldwide. 1 Salmonella Enteritidis is one of the most prevalent serotypes amongst Salmonella enterica, which is commonly associated with human infections in the USA and China. 2, 3 Like other Salmonella serotypes, one of the key features of Salmonella Enteritidis is its possession of a serotype-specific virulence plasmid pSEN. 4 This plasmid has a size of 59372 bp, contains the IncFIIA/ repA and FIB/repA2 replicons, and harbours the spvABCD operon, which greatly enhances the ability for Salmonella Enteritidis to proliferate within host cells during the stage of infection establishment. 5 The incorporation of antimicrobial resistance genes into this virulence plasmid due to IS26 transposition has been previously described in Salmonella Enteritidis. 6 In the current study, we discovered a novel hybrid conjugative plasmid, which comprised the large-sized IncHI2 MDR plasmid and the entire pSEN virulence plasmid. Sequence analysis revealed that the fusion process was mediated by IS26. Frequent occurrence of such genetic events may greatly enhance transferability of virulence/resistance genes amongst various bacterial species, imposing a significant burden on infection management.
Materials and methods

Bacterial isolation and serotyping
Human clinical Salmonella Enteritidis strain SE380 was collected from the State Key Laboratory for Infectious Disease Prevention and Control, National Institute for Communicable Disease Control and Prevention, Beijing, China. The strain was isolated from a blood specimen of a patient hospitalized in Henan province, China, in 2008. The strain was serotyped according to the Kauffmann-White scheme.
Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was performed using the agar dilution method and results were interpreted according to the CLSI guidelines. 7 Thirteen antimicrobials were tested: ampicillin, cefotaxime, ceftazidime, 
ESBL screening and PCR mapping
The existence of ESBL determinants amongst the test strains was also determined, using PCR assays that targeted genes encoding for different classes of b-lactamases as previously described. 8 Conjugation experiments, S1-PFGE and plasmid typing A conjugation experiment was carried out as previously described, using sodium azide-resistant E. coli J53 strain as a recipient.
9 S1-PFGE was conducted on SE380 and its corresponding transconjugant as described previously. 10 The major incompatibility (Inc) groups of plasmids extracted from transconjugants and the parental strains were identified by the PCR-based replicon typing method.
11
Plasmid sequencing
The plasmid pSE380T was extracted from transconjugant E. coli J53/ SE380T using the Qiagen plasmid Midi-prep kit. Plasmid sequencing was performed on the PacBio RS II single-molecule real-time sequencer at the Wuhan Institute of Biotechnology, People's Republic of China. Reads were assembled by the hierarchical genome assembly process of the SMRT Analysis software. The plasmid sequence was annotated by RAST followed by manual review using BLASTP.
GenBank accession number
The plasmid sequence of pSE380T obtained in this study has been deposited into GenBank with accession number KY401053. The accession numbers for the sequences used for comparison are as follows: pSEN, HG970000; pA3T, KX421096; pECJS-B60-267, KX254341; pHYEC7-IncHI2, KX518743; and pHNSHP45-2, KU341381.
Results
Identification of a novel MDR plasmid recovered from Salmonella Enteritidis SE380
Antimicrobial susceptibility testing of Salmonella Enteritidis strain SE380 revealed that the strain was resistant to ampicillin, cefotaxime, ceftriaxone, ceftazidime, fosfomycin, chloramphenicol, ciprofloxacin, nalidixic acid, gentamicin, sulfamethoxazole and trimethoprim. PCR screening for ESBL genes showed that SE380 carried the bla CTX-M-9 group gene, which can be successfully transferred to an E. coli J53 recipient strain through conjugation. S1-PFGE revealed that SE380 had lost the typical 59372 bp virulence plasmid, but harboured two additional plasmids with sizes of 210 and 260 kb, respectively; the latter being transferable to the E. coli J53 recipient strain through conjugation (data not shown). Results of PCR-based plasmid replicon typing on the transconjugant were positive for both IncHI2 and IncFIIA replicons, indicating the possibility that the virulence and resistance plasmids had merged.
Genetic features of pSE380T
The 260 kb plasmid from the transconjugant was subjected to whole-plasmid sequencing to obtain the complete sequence.
The plasmid, designated as pSE380T, was found to exhibit a size of 269755 bp and with a GC content of 47%, comprising 316 putative ORFs. Comparison of pSE380T with other plasmids identified through BLAST revealed that it showed identity with pA3T (77% coverage, 99% identity) and pHYEC7-IncHI2 (77% coverage, 99% identity), which are IncHI2-type resistance plasmids harboured by a Salmonella Indiana and an E. coli strain, respectively (Figure 1) . Two multiple resistance regions (MRRs), both flanked by IS26, were found in separate regions in pSE380T (Figure 2a (Figure 2a) . Remarkably, the two MRRs were found to resemble part of the resistance-encoding region in pHYEC7-IncHI2, except for the insertion of an 59 kb sequence between the two IS26s and the reversed configuration of the downstream MRR (Figure 2a) .
The 59150 bp sequences flanked by IS26s of the two resistance gene clusters comprised exclusively the Salmonella Enteritidis virulence plasmid pSEN. The Salmonella Enteritidis virulence plasmid was captured at a site immediately upstream of the parA gene, linearized and inserted into the space between two IS26s. An 8 bp DR (GGTCATAG), which is also part of the pSEN sequence, was identified alongside the terminal IRs (TIRs) of the two IS26s surrounding the virulence plasmid, providing evidence that the insertion of pSEN into the IncHI2 resistance plasmid was likely due to replicative transposition of IS26, though conservative targeted transposition was also possible if an IS26 was already present at that pSEN position (Figure 2b ). 13 Compared with the 59372 bp pSEN, an 200 bp deletion in the virulence region of pSE380T was identified. Taken together, these findings demonstrated that the transposition event exhibited by IS26 resulted in the formation of a conjugative virulence-resistance plasmid.
Proposed mechanisms of plasmid fusion
Sequence analysis of pSE380T suggests that formation of this hybrid plasmid was due to a series of genetic events due to IS26 activities. It is proposed that the Salmonella Enteritidis SE380 first acquired an IncHI2 MDR plasmid (the ancestor) with the resistance region containing MRR1 and MRR2 in pSE380T arranged in a fashion similar to the one located in pHYEC7-IncHI2, as illustrated in Figure 2(b) . The IS26 between two MRRs then captured the intrinsic virulence plasmid pSEN and intermolecular transposition occurred through the replicative transposition mechanism. This event resulted in an 8 bp target site duplication (TSD) and acquisition of an additional copy of IS26 flanking the pSEN sequence located upstream of MRR2 (Figure 2b, steps 2 and 3) . 14 The genetic rearrangement continued as the newly created IS26 attacked the CACCAGGA target site immediately downstream of MRR2, causing the intramolecular transposition in a trans orientation and Virulence-resistance plasmid in Salmonella Enteritidis JAC subsequently resulting in an inverted configuration of the entire MRR2 and TSD (Figure 2b, steps 3 and 4) , 15 and eventually the formation of the hybrid virulence-resistance plasmid pSE380T.
Discussion
Possession of virulence plasmids is a common feature of Salmonella spp. In addition to Salmonella Enteritidis, several other Salmonella serotypes, including Salmonella Typhimurium, Salmonella Dublin and Salmonella Choleraesuis, have also been reported to carry virulence plasmids, which are important for establishing infections in various hosts. 5 Incorporation of antimicrobial resistance elements into virulence plasmids has been previously described in Salmonella Typhimurium and Salmonella Enteritidis, of which the Salmonella Enteritidis virulence-resistance plasmid pUO-SeVR1 was found to form solely as a result of insertion of resistance genes into pSEN via IS26. 16, 17 This new fusion plasmid acquired an antimicrobial resistance trait, but did not extend its host specificity and transferability. In contrast, the plasmid pSE380T reported in the current study exhibited evidence of incorporation of an entire virulence plasmid into an IncHI2 resistance plasmid. It has been demonstrated that genetic transposition mediated by IS26 occurs by either replicative transposition or conservative transposition, 13 and that it has become a key mobile element involved in the transmission of Virulence-resistance plasmid in Salmonella Enteritidis JAC antimicrobial resistance determinants. The fusion of Salmonella Enteritidis-specific pSEN with an IncHI2 resistance plasmid could therefore confer on it the capacity to undergo conjugation, as demonstrated by the ability of pSE380T to be transferred to E. coli, and is stably maintained in progeny. Furthermore, the incorporation of the IncHI2 replicon into the pSEN virulence plasmid could broaden the host specificity of this virulence plasmid. Taken together, integration of resistance and virulence plasmids and their subsequent dissemination may impact current efforts for controlling MDR bacterial pathogens.
